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POROSITY SWELLING AND TRANSMUTATION CONTRIBUTIONS TO CONDUCTIVITY
CHANGES IN SOME NEUTRON-IRRADIATED COPPER ALLOYS

H. M. Froat and J. C. Kennedy
Materials Science and Technology Division

l.os Alamos National Laboiatory, los £lamos, NM 87545
Abstract

Fast-nceutron f{rradiation of alloys for fusion-reactor applica-
tions produces bulk chanpes 1o density and composition via porosity
swelling and tranamutation which affect the de volume electrical and
thermal conductivities (Uul/nv and K). For the Cu materials of our
study, ncutron {luenees of 2 x lOr“n/m? (E > 0.1 MeV) produced NI and
v welpht  Increases ol about 0,05 and 0.09%Z, respectively, and
perosity swelling of 0-7%; Dv accordingly Increased as much as 18Z.

We also dertermined  the  Individual . chanpes  due  to both
swelling and transmutat fon via ase ol an appropriate mixing rule and
of Matthicssen's Taw to unmask any resfdual eflects present, e.p.,
phianve or mlerostruetoral  changes. For tour materfals - two pure
copper and  two alumina- dispersion steenpthened (ADS)Y  alloys
subtractlon ot these I"|r.l'.-. tram the dArradlated values vielded o
nearly violded the jespective control valuew, In contrant, the two
precipitation strenpthened (05 alloves stwdted, MZC and AMZIRC, had
relatively Jarre nevative residoaes, apparently Indleating etfect fve

vadiacfon- tadueed conduct fv it o,
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Introduction

Recent magnetic fusion energy (MFE) concepta have included 1iiore
compact reactor designs such as the compact reversed-field pinch
reactor (CRFPR) beirg developed at Los Alamos. Such designs entail
more intense first-wall loading by fast neutrons, heat, and other
radiation. And for MFE reactors in general, thermal energy deposited
in the first wall by eddy currents as well as radiation can lead to
cyclic mechanical stresses via thermal geadients and thus to fatigue
failur~. Resistance to 1t 1s good when K and l/pe are high, #s good
heat conduction minlmizes temperature pradients, and high electrical
conductivity minfmizes resistive heating.

At firse, hiph-conductivity copper alloys mav not seem as
attractive for first-wall materials as alloys with high-temperature
strenpth, However, an absence of magnetic metals in the allay reduces
the applled stresses (no mapnetic domaing) and hysteresis heating.
"arther, computer  simulation  prediects o peak  copper  first-wall
temperature ol 0.4 of the meitinge tempevature 'lm to arlse in CRFPR
destpe . This fs within the nem™nal strength-reteation limit of 0.4
'I'm. Ad,  copper altovs strenpthened by oxitde dispersion or
preciploates perform well, Taking .';\I/pl‘ as o tipure of mervit (FOM)
with Si\l the  roem—temperature vield stresa =4, then  unferadlated
annealed valuen for the Co allovs teatured here are neasly an order ol
mypuftude  hipher  than Tor Tyvpe 6 atalnless steelr or O0-40 7]
alloye, !

A mafor purpose of this stady was than to aee how well lectrieal
sl herma b tranaport dn Vo oallovs "holds up” under Lreadiation by

high fluenee  tast nentirons (-0, 0 MeV). Another wan to  une 0.,
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measurements to look for non-microscopical evide..ce of damage other

than from void ewelling or deleterious tranamutation products.

Fxperimental Details

The elementai coppers used in this study were an oxygen-free
high-conductivity (OFHC) type annealed after cold rolling, plus a
Ligh-purity (99.999Z) MARZ copper initially in the cold-rolled condi-
tion. Two PS copper alloys, MZC and AMZIRC (Loth AMAX), were tested
in a Y0Z cold-rolled and aged condition. Also, two ADS copper alloys,
Ai=20 and A1-60 (SCM Metal) with alumineg contents of 0.2 and 0.6 wr.Z,
were 832 cold rolled, annealed, cold rolled arain (by J0Z), and
re—amnealed.  Further detalls are reported ¢lsewhere, ="

The mi.erials were cut Trom sheet stock and frradiated at est'c
as "matehstiek” speclmens 3oem o x Loto | mit in the Experimental
Breoder Reactor (EBR-11) at tluences of 004 and 2.0 s 02" njpe
corresponding  to damage  levels of 4V and 1Y dpa, Controls were
annealed for the same temperature and concomirant tlwe conditions,

Four-pormt measurements ol de olectrleal resistanee were measured
temotely on the "JHp" shown In Hig. Lo A proprammable carvent souree
connected to the spectimen ends produced voltape "dropn" measured by
manovoltmeter placed across the "knfte-odpe' contaers, "Sreps" of
ditterent  amplitudes and beth polmn it fes In the current sequence
propgrammed  minlwized zero-oltset and  other crrors In the voliage

O Renlstane et were

vread ingn. Further detalla are Inceluded elunewheye,
combined with cerons wecetfonn cealeulated rrom dennltles measared via

alr and Inmerston weighta of apeclmenn to devermine o o An o analvels
t
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of variance was performed on data so that the statistical significance
of amall differences could be assessed to an overall 952 confidence
level for the ensemble of tests performed for the binary or multiple

comparison tests performed as well.

Results: As-Measured Properties

Table | presents the results for control (C), luw-fluence (L),
and high-fluence () specimens. Typical standard errors for as-mea-
sured p, are 0.006 yQR-cm. The pe'H are converted to IACS conductiv-
itles via a(IACS) = 17?.41/00. The measurement:. agree well with
tabulated values, ce.p., 1.70 va, .71 pnge—cm for OFHNC and 1.67 vs. 1.67
uft-ecm for MARZ.7 Thermal conductlvity K was calculated via the
Smith-Palmer relationt'-? which incorperates the Wledemann-Franz law
for the clectronle contribution and an cuplirlcal term b for the phonon
contribution (b = 0,07% Wem-K) assumed applicable here to irradiated
as well as 'vold' tu.  The tractlonal changes In K equal [(b/K)-1]
times those lor N, No detinfte pattern In P VH- fluoonee s evident,
but the results tor np"/,“. v, | luenee geparate into three distinet
proups: Pare, ADS, and I'h copper, with the preatest chanpes occurring
for the firnt, Vet MZC showed a0 decrease In Mo ~ small  Dbut
alpnilleant .

Application o1 the Stadent--Newman--Kealn statistfeal test to the
|,‘.' a Indleated  that  all A luence-related  dillerences for  fixed
miaterials were sipnftteant exeept lor Covib, -l for MZG, Furthoer, at
{Ixed ! laenee within anv oi the three material proups (pure, ADS, or
'), only two of the nine ", difterencen were not slpnfficant:  OFHC-H

vi. MARZ--H apdd MZC--00 wuy. AMZIRG- 1N,
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Results: Poroesity and Transmutation Contributions

The as-measured values of Pe for irradiated copper can be
recalculated to remove effects due to porosity swelling and
transmutation products. The differences between the resulting doubly
corrected values and the correspondirg control value~ yield pe
'reaidues' possibly due to some other mechanism(s).

First conasidered 1is a correction for porosity swelling of
material assumed to be initially fully dense (FD). For simplicity,
only two, homogeneous phases are considered: The FD copper and
interspersed non-condu-ting pores. Pore dimensions .ve asswmed larger
than the elecctron mean free path A so that the resistance increment
due to clectron scattering {is independent of pore size under
conditions of fixed total porosity of volume frartlon v. (A<300R for
pure Cu at 300 K.19)  Then an appropriate mixing rule (duc to Maxwell)

for '\" Is:
Lo LA+ vIA=v) )y "

where p' and (n‘)F" are the mixture and D values.
‘I 1]
The porosity Is assumed randomly distributed In the FD o oas

rindonly-sfzed uphurvn.ll The mixture p;

Ila fdentltled wlth the
as-measured p L Furthermore, v equals (nF"-l")/l" fn terms ol the FD

and as—measwioed mang densicles. 1 {n the denultvy of the control,

LI
P¥n
then ("')I"I) tor the radiosctive "matrix® ot the material can he
t
caleulatedy; results for the "H" case are tabulated In Table ?.  Mout
ot the radiatfon-induced clangen In p . Tor pure copper are due to
L]

thelr swelltng of 7Z.  Little change oceurs for AL-20 and A1--60; none

occuwrn {or M2C, which did not gwell. To the 9% conl ldenee level,
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neither the density change (- 0.05 g/cm®) nor the difference
p;’— (p)pp (9-01 uQ-cm) for Al1-20 was significant.

Estimated also were the increases in Pe due to the principal
transmutation r.lements expected, Ni and Zn.!2 Chemical analysis of
both C and H specimens 1indicated Ni and Zn increases of 0.053 and
0.087 wt.Z, respectively. These small amounts are assumed 30 be
dissolved in the Cu so that the concentration rates, §, of increase of
Pa in Cu-Ni and Cu-Zr binary alloys could be used in accordance with
Nordheim's rwule; they are 1.25 and 0.32 uQ-cm/at.Z, respectively.l3
In other worde, the temperature-independent impurity-sensitive term in
Matthiessen's expression for o is taken to be linear in concentration
and additive with impurity type 1n ‘dilure' allioys. The corresponding

totnl increase BNiuNl + R expected in P, Was calculated and

-".n(:?.n
subtractud from the FD values (C = at.Z2). Sce Table 2 for Po without
void swelling or transmutation effects. f.e.. for the sum of the
contrnl value (”o)c and a resldue terme The residue s essentially
zoro for the clemental coppers and the ADS alloys; microstructural
changen have apparently Iittle or po effect on Wt This Is conslstent
with the known effeets In Cu of point and line defocts,

For coxample, the P inerease meavured at 4% K tir Frenkel-pair
production by fast neutrons Is expected to saturate at 0, Vi-pw (which
world anneal out at the 098 K of the present atudv) '™ A value for
the L Inerease in Cu due to dislocatfonn I 1.3 N x 1001 g-em?,
with N the dislocation denntty In em® unfts. '™ Assamng a reatdue of
0.1 pi-em (Table 2) leads to o a hipgh N value of 7.7 x 10V en™?,
unlikely to remain glven the acqeallng conditlonn of WY"C (Tor 24%

dayn) pert lnent to our ptudy,
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For MZC and AMZIRC the residues are much greater. A phenomenon
not soley related to awelling, transmutation, or thermal annealing may
produce a small decrease in pe of both these alloys. Such

'radiation-induced conductivities' were reported decades ago on Cu

16

alloyed with aluminum and zine.l!? A saturating, diffusion-

controlled solid-state reaction mechanism was 1invoked for the De

decreases, an enhanced diffusion supposedly resulting from extra

6

defects produced during sample preparation.1 An alternative and

opposing view applied to a-brass is thet changes in short-rang order

17

govern the Pe decreases. In either case, the neutrons may disturb

both the rate and the final state to which non-equilibrium alloys

relax.5

Discussion and Conclusions

The fast-neutron irradiation study of Cu closest in character to
ours was done on Cu alloys in the MOTA Fast Flux Test Reactor (FI'TF)
to a fluence of 2.5 x 102% n/m2 a4t 450°C and a damape level ol

% The one material the same in both studies was the annealed

16 dpn.l
99.999Z pure copper (MARZ): The as-measured nu's are nearly fdentical
fn Loth. However, for the only 'common' alloys MZC and Al-2Y, the
cubstant{al differencer in detalls on cold-working, aping, alloy con-
position, and Irradiation temperature hinder meaningful comparisons.
In particular, the F&TF {rradlated-vs.—-control differences In "v in
prineple  contain  specimen-ammealing  as well an  {luence-relatoed

differences, as the control n.'n were 1pparenrly measured on alloys [n
[}

an "an-recelved' condition,
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The initiation of damage resulting from EBR-II 1s much less than
expected from the 14 MeV neutron flux of a fusion reactor. For
example, a 16 dpa/yr peak would result in Cu for 1 MW-yr/m? of 14 MeV
neutrons; a full power year at the first-wall in CRFPR would yield
318 dpa.!? The actval damage depends on the self-healing response of
the alloy. Thus, stability of Pe under radlation stress is in
practice more important than the initial 'cold' value of Par Further,
the average atoric weights, mix, and yield of transmuted Ni and Zn
would differ; e.g., our wt.Z ratio of Zn to Ni is 1.6 but for CRFPR is
0.56.1 Also, 1 M'.J-yr/m2 of 14 MeV ncutrons Increase Pe by 0.35 uSi-cm
(assuming atomic dispersal of the Ni and Zn),l,1? in contrast to the
0.10 yuf-cm of our study.

Pctential for Pe characterization of microstructure exists in the
sensitivity of electron scattering to atomic and spin distributions in
metals, and thus to clustering, kinetics of short- and long-range
ordering, and phase separation.?? Also, the Maxwell model used here
to estimate porosity effects on P, cdn, in 1ts full expression (i.ce.,
wlith l/pe > 0 for the spheres), be applied to the P, residuce to
'track' the radiation-induced redistribution of precipitates in PS$
nllnys.ll This 1s suggested by the recent use of the Maxwell model
and P measurcements to study crystaillizatlon kinetics In amorphous

al .
el However, a2 note of caution (s In order

Pd-S! metallic plasses.
here: None of the residue differences from zero achleved statlscfeal
sipgnitleance per se for the Typ: | error rate (0.0% chosen in our
analysin. While we have prraented some evidence for their physical

wipgnit lcimee, the use of Py residues for Indirect characterfzatfon of

microstruccure requires increased medsurement: precision and
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statistical sample size. The standard deviations associated with the
residues were typically an order of magnitude larger than for the
as-measured pe'a because uf multiple p—opagation of errors resulting
from use of density daca in Eq. (1l).

Good performance of Pe and K per se satisfies only partially the
total operating requirement of a first-wall alloy, as indicated by our
referance to the FOM Sy/pe for both mechanical and physical
properties. when this is done it 1g the ADS rather than PS irradiated
alloys that offer the mure promise as engineering solutions to the
first-wall problem.s,22 In general, an objective basis for materials

selection nas been iacking in the past because FOM criteria have not

been systematically applied to irradiated alloys.
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Fip. 1. Speclmen holder for dA-point measurementn of electriecal resin-
tance. Contact was maintair .d by welghtan gulded onto spe-

cimen via the gulde posts shown.
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Table 1. Conductiv. ties for copper alloys irradiated to two fluences
by fast neutrons

Electrical Properties Thermal

Copper Neutron As Measured ép /pe Conductivity
Material Fiuence a (IACS) (%) P {ul-cm) (25 (W/K=-em)
OFHC c 101 1.70 0.0 4,2
L 95 1.82 6.9 3.9
H 87 1.98 16.6 3.6
MAR?Z C 103 1.67 0.0 4.3
L 97 1.78 6.7 4.0
H 87 1.9¢ 18.4 3.6
A1-20! ¢ 94 1.84 0.0 3.9
L 90 1.91 3.9 3.7
i 88 1.95 6.1 3.7
A1-60! G 87 1.99 0.0 3.6
1, 83 2.08 4.3 3.4
I 81 2.13 7.1 3.4
MZ0 § 89 1.93 0.0 3.7
L 89 1.94 0.6 3.7
H 92 .84 -2.4 3.8
¢ "7VRCG ¢ 9/ 1.77 0.0 4.0
1 b .80 1.7 4.0
I Yo 1.87 %2 3.8

lelh a nominal "2 eladding of OFHC Cu on ench side,

Note:  Keutron luence aymbole explalned fn text (1 - 1L > ),
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Table 2. Resistivities corrected for porosity swelling and transmutation

products
DC Volume Resistivity (u@-ca)

Copper Neutron Density As- Corr. for Increases Due to
Material Fluence Ssjcna) Measured Porosity + Transmu. Residue
OFHC C 8.87 1.70 0.00 0.00 0.00

H 8.29 1.98 1.78 1.68 - 0.02

MARZ C 8.88 1.67 0.00 0.00 0.00
n 8.27 1.98 1.77 1.67 0.00

Al-20 C 8.76 1.84 0.00 0.00 0.00
H 8.71 1.95 1.94 l.84 0.00

Al-60 C 8.77 1.99 0.00 0.00 0.060
] 8.68 2.13 2.10 2.00 + 0.01

MZC G 8.88 1.93 0.00 0.00 0.00

H 8.88 1.83 1.88 1.78 - 0..4

AMZIRC ¢ 8.92 1.77 7.0V 0.00 .00

I 8.60 1.8/ 1.76 l.66 - 0,11



